The development and evolution of the inner ear sensory patches and their innervation is reviewed. Recent molecular developmental data suggest that development of these sensory patches is a developmental recapitulation of the evolutionary history. These data suggest that the ear generates multiple, functionally diverse sensory epithelia by dividing a single sensory primordium. Those epithelia will establish distinct identities through the overlapping expression of genes of which only a few are currently known. One of these distinctions is the unique pattern of hair cell polarity. A hypothesis is presented on how the hair cell polarity may relate to the progressive segregation of the six sensory epithelia. Besides being markers for sensory epithelia development, neurotrophins are also expressed in delaminating cells that migrate toward the developing vestibular and cochlear ganglia. These delaminating cells originate from multiple sites at or near the developing sensory epithelia and some also express neuronal markers such as NeuroD. The differential origin of precursors raises the possibility that some sensory neurons acquire positional information before they delaminate the ear. Such an identity of these delaminating sensory neurons may be used both to navigate their dendrites to the area they delaminated from, as well as to help them navigate to their central target. The navigational properties of sensory neurons as well as the acquisition of discrete sensory patch phenotypes implies a much more sophisticated subdivision of the developing otocyst than the few available gene expression studies suggest.
INTRODUCTION
Systems biology of the inner ear development is just coming of age with the identification of rudimentary gene networks involving specific genes (e.g., bHLH, Pax, Wnt, Forkhead) , which play fundamental roles in the fate assignment and subsequent clonal expansion of these basic cellular building blocks (reviewed in Fritzsch and Beisel, 2001; Fekete and Wu, 2002) . Recently, we have hypothesized that the development of the neurosensory and nonsensory epithelium of the vertebrate inner ear can be interpreted as transformation of the basic building blocks of the sensory ciliated neuronal structures of C. elegans and Drosophila. In contrast, formation of the sensory neurons appears to be a de novo formation peculiar to vertebrates. The mechanisms by which these epithelia form the complex three-dimensional structure and their interactions with sensory neurons are just now becoming understood. We will present herein new ideas and data concerning the formation of the distinct endorgans of the inner ear and their innervation patterns. In particular, we will explore the current molecular understanding of endorgan formation, separation, and transformation to present a model of saccular transformation into the cochlea. In principle, the wellknown molecular multiplication and diversification model will be followed (Venter et al., 2001) . We propose that enlargement of a given sensory epithelium, through enhanced proliferation followed by segregation and development of novel, functionally relevant modifications, is at the core of inner ear sensory patch evolution.
Evolution has transformed a simple ear with only two canals and a single macula communis found in ancestral vertebrates into a complex three-dimensional structure that has up to nine distinct endorgans ( Fig. 1 ) in derived vertebrates (Lewis et al., 1985; Fritzsch, 1987; Fritzsch and Wake, 1988) . Previous work on the evolution of these various sensory epithelia suggests specific relationships. For example, it has been proposed that the saccule gives rise to the basilar papilla or cochlea of land vertebrates (Fritzsch, 1992) . In keeping with this suggestion, recent developmental evidence has lent itself to the idea of evolutionarily progressive segregation of sensory epithelia through unknown processes to form distinct rather than confluent sensory patches (Norris, 1892; Fritzsch and Wake, 1988; Cantos et al., 2000; Farinas et al., 2001; . However, almost none of these articles have actually taken a closer look as to what kind of transformation is occurring to turn a saccule-like anlage into a mammalian cochlea and how this segregation relates to the formation of discrete innervation patterns.
For example, as distinct sensory patches have developed, neuronal projections to these patches have apparently also coevolved. In order to accommodate a divergent functionality of each endorgan, there exists a need for afferents to segregate from existing projections. This separation is crucial to ensure that the novel information gathered by the new endorgan is reaching the brainstem in a distinct conduit for further specific processing. Nineteenth century anatomists suggested a parallel evolution between the progressive segregation of each sensory epithelium with a concurrent segregation of sensory projections to these newly evolved endorgans. Retzius (1884) and the brothers Sarasin (1892) were the first to recognize this trend, and Retzius (1884) used this idea to develop a cladistic relationship among extant vertebrates. de Burlet (1934) tried to further formalize this idea of conservation and transformation of the inner ear innervation by suggesting a progressive split of both innervation and sensory epithelia (Fig. 1) .
In contrast to this apparent evolutionary segregation of peripheral innervation, it has been hypothesized that the central projection of vestibular and cochlear afferents may originally overlap (Larsell, 1967) . Such overlap in "ancestral" vertebrates appears to precede the segregated projections observed in the more recently derived vertebrates (Dickman and Fang, 1996; McCormick, 1999) . It has only recently been recognized that during inner ear development, innervation is initially fairly precise. For example, central projections will undergo only limited reorganization of terminals due to continuing progressive segregation (Maklad and Fritzsch, 2002) . Likewise, developmental analyses of inner ear afferent innervation suggest an early and precise segregation of afferent projections to their respective sensory epithelia (Fritzsch et al., 1995; Huang et al., 2001; Kim et al., 2001) . It is fair to say that hardly any information exists about the molecular mechanism that specifies either central or peripheral projections to and from the ear.
We will provide evidence that suggests a developmental link between sensory patch formation and formation of novel sensory neurons. In addition, data will also be presented suggesting that spatio-temporal expression of neurotrophins in sensory epithelia is a critical mediator for the proper segregation of afferent projection to specific endorgans.
SEGREGATION OF ENDORGANS: AN EVOLUTIONARY PERSPECTIVE
In general, evolution of the ear is based on multiplication of existing sensory patches. These modifications are likely followed by functional diversification through creation of modified, unique structures that allow transduction of a previously unexplored property of the mechanical energy that reaches the ear.
The simplest ear to be found in extant vertebrates is the hagfish ear. This ear has only three sensory epithelia, one macula communis, and two crista organs (Lewis et al., 1985; Fritzsch, 2001a,b) . The largest number of sensory patches in the ear is found in certain species of limbless amphibians ( Fig. 1) , which have nine different sensory patches: three canal cristae, utricle, saccule, lagena, papilla neglecta, papilla basilaris, and papilla amphibiorum (Sarasin and Sarasin, 1892; Fritzsch and Wake, 1988) . Descriptive developmental evidence has long suggested that the evolution of multiple sensory epithelia came about through developmental splitting of a single sensory anlage (Norris, 1892; Fritzsch et al., 1998) . Moreover, it appears that organs such as the lagena may have evolved three times independently in vertebrates, each time by splitting off from the saccule (Fritzsch, 1992) . In contrast, other organs such as the basilar papilla may have evolved only once, namely during the segregation of the lagena from the saccule in the tetrapod ancestors (Fritzsch, 1987) .
Such segregation and functional diversification are best documented for the papilla neglecta/papilla amphibiorum system. It appears that the location of each of the two sensory patches to either the utricle or the saccule and association with the perilymphatic sound conduction system may determine the future function as a sound pressure receiver or as an additional vestibular receptor (Fritzsch and Wake, 1988; Brichta and Goldberg, 1998) . Another well-documented example is the utricle in some fishes (herring) that forms Figure 1 These images show the conjecture of de Burlet (1934) about the evolutionary similarities of endorgan and innervation multiplication from two hypothetical ancestors (A,B) to the vertebrates with the largest number of sensory epithelia, Southeast Asian caecilians (C). In his accompanying text, de Burlet pointed this out explicitly, but without proposing any mechanism. Conceivably, two mechanisms are apparent. In one mechanism there is lineage relationship between hair cells and sensory neurons. Thus whenever hair cell precursors are split their innervation will split. Alternatively, there is no relationship at all between hair cells and sensory neurons, and the multiplication of innervation comes about through the selective attraction of sensory afferents to newly formed endorgans. In the latter scenario both central and peripheral specifications of the sensory projections need to be accomplished independently of the changes in hair cell specification. In the lineage relationship scenario, any alteration in the specification of hair cells would also affect the information conveyed by sensory cells, thus allowing for a rapid coevolution of hair cell and sensory neuron fate specification. The work of Norris (1892) on salamanders indicated that the above-presented evolutionary scenario might actually be recapitulated during development. He depicted that a single prosensory anlage splits over time into the different sensory organs (D,E). It is unclear at which point in development polarity of hair cells is established. We tentatively superimposed the known adult polarity distribution in salamanders (Lewis et al., 1985) onto the almost completely segregated patches of forming sensory epithelia. Note that all canal cristae have only one hair cell polarity, that the utricle has only polarity toward the striola (indicated by the dotted line), and that the saccule and sensory epithelia derived from the saccule are all polarized away from a dividing line in many salamanders. Abbreviations: AC, anterior crista; AP, amphibian papilla; BP, basilar papilla; HC, horizontal crista; PC, posterior crista; PN, papilla neglecta. Modified after Norris (1892 ), de Burlet (1934 , and Lewis et al. (1985) . three distinct sensory patches. While two of these patches retain their ancestral function as gravistatic receptors, one patch has acquired a novel function as a sound pressure receiver by association with the perilymphatic sound conduction system (Lewis et al., 1985; Fritzsch, 2001a) .
Development and Evolution of a Third Sensory Patch for Angular Velocity Reception
Comparison of craniate vertebrates suggests that two canals with their associated sensory epithelia is a primitive feature retained in lampreys and hagfish. In contrast, jawed vertebrates have modified this primitive ear by adding a third canal, the horizontal canal (Lewis et al., 1985) . Detailed analysis of the organization of the canal sensory epithelium shows distinct differences between hagfish, lampreys, and jawed vertebrates that implies a morphocline toward formation of a crista (Fritzsch, 2001a) .
Recently the homeobox gene orthodenticle (Otx) was identified as being important for the formation of the horizontal canal in jawed vertebrates. Otx is a highly conserved gene that delineates the anterior part of the central nervous system in vertebrates and invertebrates (Reichert and Simeone, 1999) . Jawed vertebrates have evolved two Otx genes, Otx1 and Otx2. Both show partially overlapping expression in the brain and the ear (Morsli et al., 1999; Cantos et al., 2000) . In contrast, Otx is not expressed in the lamprey ear (Tomsa and Langeland, 1999) . Confirming the suggested role of Otx1 is the absence of the horizontal (lateral) canal in Otx1 null mutant mice (Morsli et al., 1998) . Moreover, Otx1 can be substituted for Otx2 in the forebrain but not in the ear . Thus, it can be speculated that the entire horizontal canal system depends on Otx1 (Mazan et al., 2000) . However, closer examination of the Otx1 null phenotype has revealed that some parts of the horizontal crista appear to form initially (Morsli et al., 1999) and may remain as displaced patches of hair cells . Moreover, sensory fibers were found to extend to those displaced patches of hair cells .
Indeed, close comparison of jawed vertebrates with lampreys suggests certain similarities with the dorsal papilla, a small patch of sensory hair cells of lampreys. These similarities in distribution and pattern of innervation of the dorsal papilla of lampreys and the displaced horizontal crista of Otx1 null mutant mice suggest a two-step evolution of the horizontal canal system. First, through molecularly unknown mechanisms, a multiplication of hair cells and a segregation of the dorsal sensory patch occurred in the common ancestor of lampreys and jawed vertebrates. This patch has a separate innervation and thus would be able to transmit specific information only gathered by this sensory patch to the brain. This scenario predicts the existence of distinct genes that are essential for formation of the horizontal crista but have little or no effect on horizontal canal formation.
Further evolution has refined this central projection into two discrete patterns, an elasmobranch pattern and a pattern for all other jawed vertebrates. In each of these two lineages the horizontal canal system is linked with eye movement control to form a unique output system (Fritzsch, 1998) . Evolution of the third, horizontally positioned canal allowed a direct coding of angular movement in all three cardinal planes for fast activation of eye and postural control movements without additional computational delay in the hindbrain. This advantage was evolutionarily stabilized and thus extant vertebrates have three patterns of eye muscles and eye muscle innervation (Fritzsch, 1998) . Unfortunately, the pattern of horizontal crista/dorsal papilla projection as compared with the vertical cristae still needs more detailed analyses in lampreys, elasmobranches, and other jawed vertebrates. The above outlined scenario of horizontal canal evolution predicts that these three vertebrate lines will each have a unique pattern of central projections of these probably homologous sensory epithelia.
Development of the Cochlea
An evolutionary scenario of developmental segregation of the tetrapod cochlea from the saccule was proposed some time ago (Norris, 1892; Fritzsch, 1992) . However, initial molecular analysis of chick ear development showed that each sensory patch appeared as a discrete entity instead of through progressive segregation from a single, molecularly recognizable anlage (Wu and Oh, 1996) . These data support a boundary model (Brigande et al., 2000; Cantos et al., 2000; Fekete and Wu, 2002) . This model proposes that a given sensory receptor develops initially at the intersection of specific polarity coordinates that reflect expression domains of specific genes in the ear. However, more recent data on chicken as well as on mouse inner ear development (Morsli et al., 1998) have re-established the possibility for the progressive segregation of the cochlear anlage from the saccule during development. Studying the in situ expression for bone morphogenetic protein-4 (BMP-4), Serrate 1, and lunatic fringe, Cole et al. (2000) suggested the existence of a sensory competent region that encompasses all presumptive sensory organs. Likewise, using in situ hybridization, Morsli et al. (1998) described a single patch of lunatic-fringe-positive cells that underwent progressive segregation into the utricle, saccule, and cochlea during development of the mouse ear. These findings were confirmed through the analyses of the developmental expression dynamics of neurotrophins (Farinas et al., 2001 ). Specifically, the lacZ reporter for brain-derived neurotrophic factor (BDNF) expression suggests an early formation of the three canal cristae [embryonic day 12 (E12); Fig. 2 ]. Each epithelium is uniquely characterized by exclusive expression of BDNF lacZ . In contrast, neurotrophin-3 (NT-3 lacZneo ) is initially up-regulated as early as E9.5 in a single, anteroventral patch. In the course of the next 4 days, this single patch elongates and gives rise to the utricle (E11.5) followed by a segregation of the saccule (Fig. 2) , and, finally, co-
Figure 2
These wholemounted ears show the expression of various genes as revealed with a lac-Z marker inserted into GATA3, BDNF, NeuroD, and NT-3 genes (A,B,D,E). At embryonic day 11 (E11) distinct patterns of expression are apparent. Note that the distribution of GATA3 and BDNF has some similarities, but also show clear differences. In contrast, similarities between the NeuroD and NT-3 expression in the otocyst are obvious in the area of the future utricle and saccule. Note that each of these four genes is expressed both in restricted areas of the ear and in cells of the forming vestibulo-cochlear ganglion. LacZ-positive cells (arrows) can be seen to delaminate from the otocyst in all four cases. Delamination and cellular migration to the forming vestibulo-cochlear ganglion is even more obvious at later stages [E12 (C,F)] where lacZ-positive cells can be traced from equally lacZ-positive areas of the otocyst. Bar indicates 100 m. chlea by E13.5 (Farinas et al., 2001 ) and older stages (Fig. 3) .
It needs to be stressed that the use of the lacZ reporter for BDNF and NT-3 expression to identify sensory patch anlage is justified by the restricted expression of these neurotrophins in hair cells (BDNF) and supporting cells (NT-3). The expression patterns of most of the other developmental markers, such as lunatic fringe or BMP-4, have yet to be clarified in the ear in regards to their functional relationship with sensory patch development (Fekete and Wu, 2002) . For example, BMP-4 predominantly inhibits neural differentiation in early development. In the brain, fibroblast growth factors (FGFs) typically counterbalance BMP-4 activity (Diez del Corral and Storey, 2001; Scully and Rosenfeld, 2002) , and the alleged role of BMP-4 in dorsal interneuron specification was recently shown to be mediated by Wnt genes (Muroyama et al., 2002) . It is, however, fair to say that the role of BMP-4 can change in later development to be more proneural, but this role has not yet been explored in detail in the ear owing to the early lethality of BMP-4 null mutant mice. Conditional null mice specific for the ear are needed to further clarify the role of BMP-4.
Interestingly, expression of BDNF lacZ initially parallels closely with the expression domain of BMP-4 in the abneuronal region of the cochlea (Morsli et al., 1998; Farinas et al., 2001) , whereas NT-3 expression closely corresponds to lunatic fringe expression patterns. While BDNF expression is early in development of the three canal cristae, BDNF expression is delayed until E12.5 in the utricle and saccule and until E13.5 in the cochlea (Fig. 2) . Closer examination of inner ear sections and wholemounts shows that full segregation of the three NT-3 lac-Zneo -positive patches coincides with the morphogenetic separation of each sensory epithelium (Figs. 2 and 3) . Thus, the initial separation of utricle and saccule parallels with the formation of the utriculo-saccular foramen. If the formation of this foramen is even only partially disabled, as in Otx-1 null mutant mice, both epithelia remain confluent (Morsli et al., 1999; . The segregation of the saccule and cochlea concurs with the formation of the ductus reuniens. Interestingly, in this case the expression of BDNF simply stops in the connecting nonsensory epithelium between the saccule and the cochlea at E13.5 (Farinas et al., 2001 ). In summary, both older descriptive as well as more recent molecular analyses suggest that possibly a single patch of sensory organ competence is divided by unknown mechanisms into the sensory patches of a specific vertebrate. Development appears to recapitulate this aspect of ear evolution surprisingly unaltered.
Establishing Hair Cell Polarity in Sensory Epithelia
If developmental segregation of sensory patches is accepted as a major driving force in ear evolution, then the differential polarity of hair cells within and between endorgans must be addressed. A plausible mechanism(s) must be detailed on how such transformations in hair cell polarity might have occurred. These variations in polarity permit differential mechanical stimulation to be recognized by one sensory epithelium versus another. For example, the utricle has two opposing polarity orientations of the hair cells in the epithelium (Fig. 1) , while the canals have only one polarity of hair cells (Lewis et al., 1985) . Derivation of a canal from the utricle requires that segregation occurs from only one area of polarity of hair cells. Indeed, developmental studies ( Figs. 1 and 2) suggest that the horizontal crista may derive only from the abneuronal polarity patch (Farinas et al., 2001; . Interestingly, the horizontal crista has a similar polarity compared to this part of the utricle (Lewis et al., 1985) . In contrast, hair cells in the evolutionarily and developmentally (Morsli et al., 1998) earlier derived anterior and posterior crista have a polarity away from the utricle. In order to resolve this issue, more data on early markers around E11-12 are needed to demonstrate more exactly where each of the two vertical canal crista are derived from in the utricle.
Like the canal cristae, the mammalian cochlea has hair cells of only one polarity. If one extends the line of polarity of the saccule across the ductus reuniens one ends up with the striola of the saccule roughly equal to the divide between the greater and lesser epithelial ridge. The greater epithelial ridge would be equivalent to the neuronal half of the saccule whereas the lesser epithelial ridge would be equivalent to the abneuronal half of the saccule. The recently reported finding of hair cell differentiation of cells of the greater epithelial ridge through expression of mouse atonal homologue 1 (Math1) (Zheng and Gao, 2000) would be in line with such an interpretation. These data imply that the greater epithelial ridge has retained the capacity to form hair cells, but is not normally doing so owing to some changes in the up-stream regulation of hair-cell-specific gene expression.
Interestingly, this suggests, similar to the relationship of canals and saccule, that polarity is conserved away from the striola/greater epithelial ridge. It thus appears that the cochlea of mammals is nothing but an elongated and highly modified abneuronal half of the saccule. Clearly, the development of expression domains of both lunatic fringe (Morsli et al., 1998) and NT-3 (Farinas et al., 2001 ) support this possibility by showing a progressive segregation of a single patch into a saccule and the cochlea.
BDNF shows an initial up-regulation in the striola region (Fig. 2) of both utricle and saccule (Farinas et al., 2001 ). In the cochlea, the up-regulation of BDNF sweeps from inner hair cells to outer hair cells, indicating a conservation of spatio-temporal patterning between the utricle, saccule, and cochlea. The main problem with such a scenario is the need to explain the loss of hair cell differentiation in the ductus reuniens and in the neuronal part of the cochlea, the largest part of the greater epithelial ridge (GER). However, the data on Math1 expression effects clearly show the potential of this area to generate hair cells (Zheng and Gao, 2000) . Likewise, the formation of extra hair cells in the GER in Hes5 null mutants (Zine et al., 2001) shows the latent capacity of the GER to form hair cells. In addition, those extra GER hair cells have a polarity opposite to the cochlear hair cells (A. Zine, personal communication) . Those sets of experimental data are compatible with a cochlear origin out of the saccular anlage through selective suppression of hair cell formation in the GER. Clearly, neurotrophins, while representing suitable sensory epithelia markers, will in themselves not determine development of the sensory epithelia, as is apparent by the normal development in neurotrophin null mutants . Further molecular understanding of neurotrophin expression regulation in the ear is needed to relate the expression of these markers to sensory patch differentiation.
Hair cell polarity is essential for each sensory patch. For example, turning the hair cell polarity of the cochlea by 90°would render the cochlea essentially unresponsive to sound. Despite this importance, next to nothing is known about how polarity is achieved at a cellular level. However, some of the molecular players of denticle polarity formation in Drosophila parasegment development have been identified in the developing ear, for example, Serrate (Morsli et al., 1998; Hatini and DiNardo, 2001 ). It remains to be shown how many of the other molecular players of this developmental module will be found in the ear and whether their interaction is important for the polarity formation of hair cells during sensory patch development.
EVIDENCE FOR CELL FATE LINKS BETWEEN SENSORY NEURON AND HAIR CELL PRECURSORS
In order to comprehend the change in cell fate acquisition to form the three-dimensional cochlea, we need to understand how sensory neuron development relates to hair cell development. In general, sensory neurons and hair cell formation each depend on a single proneuronal gene, neurogenin 1 (ngn-1), and Math1, respectively. Ngn-1, a bHLH gene, is essential for formation of all sensory neurons in the ear (Ma et al., 2000) . Similarly, Math1 has been shown to be essential for hair cell development (Bermingham et al., 1999) . If the sensory neurons and hair cells have a common precursor, then alternations in ngn-1 and/or Math1 may affect generation of these two cell types. In this context, loss of ngn-1 also results in reduction in the sensory epithelia. In particular the saccule and the cochlea show severe reductions in hair cell formation (Ma et al., 2000) . This suggests that there are interactions between ngn-1 and Math1 dependent precursors. Two possibilities exist for such an interaction. One of these is that some clones are first ngn-1 dependent and subsequently switch to Math1, shutting down ngn-1 through unspecified intracellular signaling pathways (Fritzsch and Beisel, 2001; Gowan et al., 2001 ). This does not necessarily mean that sensory neurons and hair cells are clonally related as this could also come about through a transient and independent expression of ngn-1 in presumptive sensory patches without forming sensory neurons. Alternatively, ngn-1 and Math1 exist in distinct clones but the clones are linked through an extracellular suppressor system such as the well-known delta/notch system (Lanford et al., 2000) . At any rate, ngn-1 null mutants show a massive effect of ngn-1 on hair cells.
Spatial Origin of Sensory Precursors in Mice
To explore the validity of the proposed scenario for sensory patch formation and its hypothetical link to sensory neuron formation, we will revisit the recent evidence characterizing specific areas of precursor delamination as revealed through expression patterns of neurotrophins (Farinas et al., 2001) . In vitro experiments have shown that a large proportion of sensory neurons delaminate from the anteroventral quadrant of the otocyst ( Van de Water, 1983) . This is observed in a number of vertebrates as demonstrated by various staining techniques to label delaminating cells Fekete and Wu, 2002) . However, none of these studies has actually performed a three-dimensional mapping to demonstrate how stable or mobile the area(s) of delamination is over the rather protracted period of sensory neuron proliferation, which lasts several days in mice (Ruben, 1967) . Those areas of delamination correspond to either part of the sensory patches (Figs. 2 and 3) or are adjacent to sensory patches (Farinas et al., 2001) . These data suggest that delamination of cells actually occurs in spatially restricted areas of the ear.
The BDNF lac Z reporter system has been used to demarcate neuronal cellular delamination in the inner ear. The utricle, more specifically the hilus region, gives rise to delaminating cells from E10.5 to E16.2 (Figs. 2 and 3 ). These cells express BDNF and NT-3, and the delaminating cell types derive from the same restricted area on the neuronal side of the utricle. In the later stages there is a mutual exclusion of BDNFpositive hair cells and delaminating cells (Fig. 3) . Only after all delamination has stopped at E16.5 is there an addition and filling in of the hilus region by hair cells. Indeed the hilus appears to be an area that produces in temporal sequence a mixture of delaminating cells and hair cells (Fig. 3) . Again, this spatiotemporal pattern is consistent with the possibility that expression of Math1 (hair cells) and ngn-1 (precursors) does not occur in the same cell.
The pattern of delamination around the saccule is different from that in the utricle. It appears that all BDNF lac Z -and NT-3 lac Zneo -positive delaminating cells are derived from the expanding region between the cochlear base and the saccule (Figs. 2, 3, 4) . This region is initially free of BDNF expression but shows a subsequent up-regulation of BDNF in these putative precursors. The appearance of these cells is not due to a generalized retention of the lacZ marker. NT-3 expression will be down-regulated in this area between E12.5 and E13.5. This area will not generate hair cells but will turn into the ductus reuniens con-necting the cochlear duct with the saccule. It thus appears that the connecting area between saccule and cochlea transforms into a domain of delaminating precursor cells at the expense of hair cell formation. It is interesting in this context that in ngn-1 null mutants the reduction in size and hair cell number was largest in the saccule (Ma et al., 2000) . Essentially, in the ngn-1 null mutant saccular development is arrested at the level of an E12.5 day embryonic mouse ear.
Most interesting is the pattern of sensory precursor delamination in the cochlea. Presumably, a large fraction of delaminating cells from the area of the future ductus reuniens provides saccular and perhaps also basal turn spiral sensory neurons. Two to three additional areas of delaminating NT-3-positive, BDNFnegative cells were found near the base and middle turn (Farinas et al., 2001) . Even more intriguing, a very large group of delaminating BDNF lac Z -positive cells was found only near the apex. However, no NT-3-positive cells were ever detected delaminating from the apex. The cochlear apex is thus unique in that it behaves like canal cristae with respect to delaminating cells and early up-regulation of BDNF in hair cell precursors.
Unfortunately, our data on delaminating cells from canal cristae are not as clear. At least the anterior and horizontal cristae apparently give rise to some BDN-F lac Z -positive precursors between E10 -11 (Fig. 2) . Data for the posterior cristae are even ambiguous. However, judging from other markers such as NeuroD (Figs. 2, 3 , and 5) it is possible that precursors that do not express BDNF lac Z delaminate from those presumptive sensory epithelia. Judging from sections (Liu et al., 2000) and wholemounts (Kim et al., 2001 ) the area of NeuroD-positive sensory precursor delamination is larger than the areas delineated by sensory patch markers such as NT-3 (Figs. 2 and 5) . Moreover, some delaminating NeuroD-positive neuronal precursors appear to be also positive for either BDNF or NT-3 (Fig. 5) . A more detailed correlation of neurotrophin-positive delaminating cells with cells carrying other markers such as neurogenic differentiation 1 (NeuroD) (Figs. 2 and 5 ) or brain factor 1 (BF1) (Hatini et al., 1999 ) and a clonal analysis of their fate are needed to establish how many of these cells are actually turning into neurons.
Overall, the evidence of delaminating cells, as revealed with BDNF and NT-3 lacZ markers, suggests a much richer variety of origins of delaminating cells in the ear than previously anticipated. This varies from cells expressing BDNF lac Z alone (canal cristae) to a mix (and possibly coexpression) of BDNF lac Z -and NT-3 -positive cells (base) in the cochlea. Closer examinations using acetylated tubulin or trkB or trkC antibodies suggest that those proliferating precursors lose neurotrophin expression when they start to differentiate into sensory neurons (Fig.  4) . In addition, neurites of differentiating sensory neurons extend toward the utricle and saccule surrounded by delaminating neurotrophin-positive cells (Fig. 4) . In an analogous system, the epibranchial placode-derived sensory neurons, neural crest cells, appear to serve as guidance structures for sensory afferents to reach the brain (Begbie and Graham, 2001) . We would like to suggest that the delaminating cells provide guidance cues for the neurites to navigate toward specific sensory epithelia.
Quantitative Relationship of Hair Cells and Sensory Neurons
It has long been known that the afferent to hair cell ratio is much higher in auditory than in vestibular sensory organs (Lewis et al., 1985; Will and Fritzsch, 1988) . Mice are no exception to this rule and show multiple type I afferent converging onto a single inner hair cell. In contrast, most innervation to vestibular hair cells and outer hair cells of the cochlea is by divergence of a single afferent fiber onto multiple hair cells. In fact, assuming that 90% of the 32,000 spiral sensory neurons in humans are type I and 10% are type II (Lewis et al., 1985) , this suggests a ratio of 29,000:3,500 ϭ 8:1 for the inner and of 3,000:14,000 ϭ 1:5 for the outer hair cells. Interestingly, the ratio of type II neurons to OHCs is not unlike the ratio of vestibular sensory neurons to vestibular hair cells (1:5 for saccule, 1:5 for mammalian utricle, 1:3-1:4 for canal cristae; Lewis et al., 1985) . This suggests that indeed there is tremendous increase in the number of sensory neurons per inner hair cell, and this increase decreases in a base to apical gradient (Ryugo, 1992) .
We propose that the formation of these extra sensory neurons is at the expense of hair cells. More precisely, the formation of the ductus reuniens as well as the greater epithelial ridge reflects the transformation of pluripotent precursors into precursors that give rise only to sensory neurons. Having a null mutation for the bHLH gene responsible for this transformation would result in a loss of all precursors and, if Math1-dependent clones are downstream of these ngn-1-dependent clones, in a subsequent reduction of hair cell formation. Detailed measurements of the ductus reuniens area in ngn-1 null mutants compared to control animals will be necessary to verify this possibility.
There is no doubt that sensory neuron lineage markers such as ngn-1 and NeuroD appear in both the otocyst and in delaminating sensory neuron precursors (Liu et al., 2000; Ma et al., 2000; Kim et al., 2001) . ngn-1 is upstream of NeuroD in these precursors. NeuroD appears to be upstream of Brn3a (i.e., POU domain, class 4, transcription factor 3, Pou4F3) (Kim et al., 2001 ), which in turn is upstream of trkC (neurotrophic tyrosine kinase, receptor, type 3) . A result of the shared gene network, commonalties in the NeuroD-and Brn3a-null phenotype are found, such as basal turn neuronal loss and aborted growth of sensory afferents to the posterior crista Kim et al., 2001) . Delaminating precursors also appear to undergo further cell division after delaminating from the ear. It remains to be determined how the total number of precursors relates to the total number of postmitotic sensory neurons and how this is regulated. The final ratio is rather unlikely to be regulated by the neurotrophins as a single hair cell can support up to 10 sensory neurons (inner hair cells in the cochlea) or is only one supporter for a diverging fiber that innervates several hair cells (outer hair cells and vestibular system). Indeed, branching patterns in neurotrophin mutants suggest that competition between fibers to access hair cells is more important than neurotrophin levels. Conditional delayed elimination of neurotrophins in the ear is needed to further test this hypothesis.
ESTABLISHING TOPOLOGY OF SENSORY NEURON IDENTITY
It is fair to say that we do not know how sensory neurons establish their identity. Sensory neurons develop precise initial projections of their axons into the CNS (Maklad and Fritzsch, 2002) and of their dendrites to the various endorgans of the ear (Fritzsch et al., 1995; Huang et al., 2001) . The presence of such precise initial projections suggests that developing sensory neurons have an identity at the time their processes extend toward the CNS or reach the ear. No distinct molecular marker unique to even a subset of sensory neurons in the ear is known (Fekete and Wu, 2002) , except for the apparently selective GATA enhancer-binding protein 3 (GATA3) expression (Fig. 2) in the developing spiral sensory neurons (Rivolta and Holley, 1998; Karis et al., 2001; Lawoko-Kerali et al., 2002) . GATA3 and other zinc finger proteins are known to participate in establishing cellular identity. In other GATA3-expressing neurons, absence of GATA3 causes misrouting of fibers (Karis et al., 2001). However, whether GATA3 affects the precision of spiral sensory neuron projection is unknown as spiral sensory neurons are lost in GATA3 null mutants.
Several possible venues for generation of fiber diversity are suggested by other neurosensory systems. Recent work has shown that the vestibular sensory neurons that innervate specific sensory epithelia are not clustered together in the vestibular ganglion but are interspersed with neurons projecting to other epithelia (Maklad and Fritzsch, 1999) . This specification of sensory neuron identity is unlikely to be caused by molecular gradients within the ganglion. Such a scenario would, comparable to positional identity acquisition in the retina, require that neighbors project to adjacent targets. Instead, neighbors can Figure 5 The distribution of BDNF, NT-3, and NeuroD expression in E11 ears. Each image is a computer generated color-coded image of the lacZ expression shown in Figure 2 . The panel labeled "merge" shows the computer generated superposition of these expression domains to highlight the relative level of overlap of the three genes. Note that the area delineated by the delaminating sensory neuron precursors that are NeuroD lacZ positive comprises at this stage areas of what has been delineated as sensory epithelia primordia based on neurotrophin lacZ expression. The only exception from this expression of NeuroD lacZ is the posterior crista, which is already fully innervated at this stage in development, suggesting an even earlier delamination of sensory precursors. These data also demonstrate that the ear consists already at this early stage of a mosaic of variously overlapping gene expression domains.
project to rather different targets such as a canal crista and the saccule (Maklad and Fritzsch, 1999) or different parts of the vestibular nuclei (Maklad and Fritzsch, 2002) . In the olfactory sensory neurons, odorant coding receptor genes regulate axonal guidance so that all sensory neurons expressing the same odorant receptor converge onto one or a few glomeruli of the olfactory bulb (Wang et al., 1998) . Such a solution seems to be unlikely for the inner ear sensory neurons. They appear to establish almost simultaneously their peripheral connections and their central connections, probably as a consequence of the identity acquisition process.
The topological differences in delaminating cells of the inner ear (Figs. 2, 3 , and 5) suggest another possibility. Many cells delaminating from various areas of the developing ear appear to be neuronal precursors as indicated by the expression of NeuroD (Figs. 2 and 5). As they delaminate, the identity of their topological origin is retained. With the extension of their dendrites prior to, during, or after delamination (Rubel and Fritzsch, 2002) , these neuronal precursors may project back into the same region of the otocyst from which they originally delaminated. Growing dendrites toward the sensory epithelia along the newly delaminating cells (Fig. 4) would enhance the precision of the targeting. If this scenario is plausible, it would require a much finer quilted patterning of the otocyst (Fig. 5) by multiple overlapping or bordering gene expression domains to provide information for at least six distinct topologies. Comparable to the increasing complexity of molecular cell fate determination by nested gene expression domains in the CNS (Qian et al., 2001) , the ear might also present a case of early cell fate assignment through nested gene expression domains. In this context it is gratifying that many members of the FGF family of ligands appear to be expressed in the ear (Pickles, 2001) . FGF genes are known to play an important role in ear induction (Fekete and Wu, 2002) as well as in neuronal identity. In analogy to their role in the CNS, FGFs may set up gradients that specify sensory neuron identity (Scully and Rosenfeld, 2002) .
CONCLUSION
In this review we concentrated on later stages of ear development that lead to the formation of the sensory epithelia and the cell fate determination of sensory neurons. Using neurotrophin expression patterns as markers we show progressive segregation of a single NT-3 lac Zneo -positive patch into the utricle, saccule, and cochlea sensory epithelia. We also show how the three canal cristae emerge as discrete BDNF lac Zpositive patches. Besides being markers for sensory epithelia development, neurotrophins are also expressed in delaminating cells that migrate toward the developing vestibular and cochlear ganglia. These delaminating cells originate from multiple sites at or near the developing sensory epithelia, and at least some are neuronal precursors as evidenced by the expression of NeuroD. Most importantly, this differential origin of precursors raises the possibility that the precursors of sensory neurons acquire positional information before delamination from the ear. In addition, these delaminating sensory neuron precursors may use this information to navigate to the area they delaminated from. This proposal implies a much more sophisticated subdivision of the developing otocyst than that suggested by the few available gene expression studies. Limited evidence, based on RT-PCR analysis for isoform expression of the large FGF family consisting of at least 23 genes, demonstrates the expression of numerous members in an as yet unknown pattern in the developing inner ear. We suggest that evolution of the ear comes about by slightly modifying this pattern. This is achieved through addition of new genes, or multiplication and functional diversification of existing genes, to modify the general hair cell and sensory neuron fate acquisition program to develop the six specific, functionally distinct endorgans in the mammalian inner ear and their innervation.
